Abstract-A 8 12 array of integrated potentiostats for on-CMOS neurotransmitter imaging is presented. Each potentiostat channel measures bidirectional redox currents proportional to the concentration of a neurochemical. By combining the current-to-frequency and the single-slope analog-to-digital converter (ADC) architectures a total linear dynamic range of 95 dB is achieved. A 3.8 mm 3.1 mm prototype fabricated in a 0.35 standard CMOS technology was integrated with flat and 3D on-die gold microelectrodes and an on-chip microfluidic network. It is experimentally validated in in-situ recording of neurotransmitter dopamine.
I. INTRODUCTION
I N brain neurochemistry, dysfunctions of neurotransmitters such as dopamine, glutamine and serotonine have been linked to neurological disorders such as stroke, Parkinson's and Alzheimer's diseases. Neurotransmitters play a key role in neural communication. When an action potential in a pre-synaptic neuron arrives to a synapse, neurotransmitters are released into the synaptic cleft. The neurotransmitters diffuse to the post-synaptic neuron and bind to its receptors. This triggers an electrical signal in the post-synaptic neuron, thus enabling neuron-to-neuron messaging.
Measuring neurotransmitter concentration in vivo facilitates studies of various neurological disorders in order to identify new treatments but may be prohibitively slow and risky [1] . Imaging neurotransmitters in vitro, such as in cell cultures and brain slices, yields a fast and low-risk platform for early-stage high-throughput drug screening and drug discovery. Currently available techniques for neurotransmitter imaging such as chemiluminescent imaging, liquid chromatography, and PET and SPECT imaging are expensive and utilize bulky equipment. In recent years amperometric integrated circuits [2] - [4] have been gaining popularity in monitoring the neurotransmitter activity [5] , [6] due to their low cost and small form factor.
In electrochemical amperometric microsystems, the concentration of a neurochemical can be measured by a potentiostat circuit, as shown in Fig. 1 . The potentiostat measures the current through the working electrode (WE) held at a fixed potential. The reference electrode (RE) is set to a constant voltage for constant-potential amperometry (CA), a bidirectional ramp voltage for cyclic voltammetry (CV), or a small-amplitude sinusoid for impedance spectroscopy (IS). CA can yield high sensitivity at the cost of poor selectivity, CV can be highly selective but with lower temporal resolution, and IS is suitable for applications where chemical reactions result in unique changes in the impedance spectrum of the working electrode but requires long time for the spectral analysis.
Low concentrations of neurochemicals result in pA-level input currents. The direction of the current is determined by the type of the chemical reaction, reduction or oxidation. An offset current arising from the chemical reactions at the electrode surface can be as high as a few hundred nanoamperes. As a result a potentiostat has to cover over 80 dB dynamic range of a current-mode input while maintaining the accuracy at the picoampere level. Another requirement in designing an integrated potentiostat is the high sampling rate. In cyclic voltammetry, due to the varying potential applied to the reference electrode, the redox current changes fast during the recording period. For instance, the reference potential required to detect dopamine (an important neurotransmitter in the brain) changes with a sweep rate of 300 V/s which corresponds to a sampling rate of a few hundreds of Hz, considered high for a potentiostat. Power dissipation is another important design constraint. When sensors are fabricated on a die, heat dissipation should be such that a sample analyte is not heated by more than a few degrees Celsius, necessitating a mW-level power budget [8] .
A number of integrated potentiostats for single-chip amperometry have been reported. Earlier implementations [9] - [11] have one recording channel. The design in [9] measures redox currents in a narrow 0.1 to 3.5 range. The potentiostat presented in [10] resolves currents as small as 100 fA at the cost of consuming 5 mW of power. The potentiostat in [11] records a bidirectional input current in the range of 0.1 nA to 0.5 corresponding to 74 dB input dynamic range. A wireless potentiostat with programmable sensitivity which trades with the sampling rate of up to 100 Hz is reported in [12] . The potentiostat in [13] is employed as a patch-clamp amplifier with a pulse modulated output ranging from 3 Hz to 10 MHz for detecting input currents as small as 1 pA while consuming more than 5.5 mW of power.
Multi-channel potentiostats enable recording chemicals at different locations and provide a much needed neurochemical imaging functionality. Channel compactness is critical here as a higher channel count translates into higher neurochemical image spatial resolution. A 9-channel integrated potentiostat with on-chip electrodes in [14] occupies 9 of silicon area and measures redox currents down to 10 pA. In [5] , [15] , [16] three integrated potentiostat designs with 16 channels are presented. These potentiostats use an array of off-chip electrodes for chemical recording and support a low sampling rate. A 42-channel integrated potentiostat in [17] has 50 fA sensitivity at the cost of a sampling rate in the range of a few Hz. The design in [18] is comprised of 128 channels for DNA detection which measure input redox currents as small as 1 pA with a conversion time of several seconds. The reported potentiostats have typically been demostrated in one of the sensory methods depicted in Fig. 1 .
We present a 96-channel single-ended integrated potentiostat array fabricated in a 0.35 standard CMOS technology that implements all three sensory methods to simultaneously measure concentrations of multiple neurochemicals, as many as one per channel, directly on the die. This paper extends on an earlier report of the principle and demonstration in [19] , and offers a more detailed analysis and expanded experimental results. Each channel is comprised of a low-noise current conveyor followed by an analog-to-digital converter (ADC). Both a wide dynamic range (95 dB) and a high sampling rate (up to 1 ksps) are achieved by combining the current-to-frequency and the single-slope analog-to-digital conversion architectures. They reuse the same circuit components, which results in a compact and low-power implementation.
This work targets two main applications: neurotransmitter imaging in cell cultures and in brain slices. On-chip microelectrodes organized in a 200 -pitch array allow for electrochemical imaging directly on the CMOS die. For the cell culture imaging application, bio-compatible on-die flat microelectrodes have been fabricated as shown in Fig. 2(a) . In brain slice studies, a region of the brain is extracted and sliced. As a result, the slices have a layer of dead tissue which needs to be penetrated by recording microelectrodes. For this purpose 3D gold microelectrodes have also been fabricated on the CMOS die as depicted in Fig. 2(b) . On-die gold micro-sensors yield high sensitivity and selectivity, eliminate the need for costly excessive wiring and minimize the interference noise. A low-cost microfluidic network integrated with the CMOS potentiostat array allows for per-channel pharmacological agent sample delivery, provides for faster analysis and response times and a better overall process control. The rest of the paper is organized as follows. Section II presents the top-level VLSI architecture of the 96-channel integrated potentiostat. Section III details the circuit implementation of the VLSI architecture. Section IV demonstrates the electrical experimental results obtained from a 0.35 CMOS prototype of the integrated potentiostat. In Section V results of chemical sensing experiments in neurophysiology applications are presented.
II. CHANNEL VLSI ARCHITECTURE
The top-level VLSI architecture and the timing diagram of one channel of the integrated potentiostat are shown in Fig. 3 (a) and (b) respectively. A current conveyor at the front end of each channel maintains the working electrode at a fixed potential, , as needed to induce a redox reaction. An integrating ADC quantizes the resulting voltage and outputs a corresponding digital word, . The in-channel ADC architecture combines two analog-todigital conversion techniques, the current-to-frequency ADC and the single-slope ADC, which share and reuse the same circuit components. Given the sensory signal specifications as well as the power and area requirements described in Section I, this dual-mode ADC architecture is well suited for this application as it yields both a wide dynamic range and short conversion time as well as a compact and low-power circuit implementation.
The proposed ADC architecture has been inspired by widedynamic-range CMOS image sensors VLSI architectures [20] , [21] . In this work the circuit implementation is optimized for chemical sensing applications. A current conveyor at the front end keeps the working electrode at the redox voltage. Additionally pulse-shaping circuit has been introduced to fully discharge the integrating capacitor since the size of the integrating capacitor is much larger than the size of the capacitors in image sensors.
The analog-to-digital conversion is performed in two phases as detailed in Fig. 3 (c) and (d). In the first, current-to-frequency analog-to-digital conversion phase shown in Fig. 3 (c) the input current charges the integrating capacitor, . When the voltage on the capacitor reaches the max voltage, , the comparator generates a pulse that discharges the capacitor through the reset switch. This process is repeated. The input current relates to the number of pulses at the output of the comparator as (1) where is the input redox current, is the residue current which is resolved in the second phase, is the duration of phase one, is the number of pulses at the input of the comparator during the first phase, is the integrating capacitance, and is the comparator reference voltage. A wide input dynamic range is achieved as data conversion is performed in the time domain. This comes at a cost of a longer conversion time, as for a low input current, a long time is needed to charge the integrating capacitor.
To eliminate this trade-off, the single-slope ADC architecture [18] is employed in the second phase of the data conversion, as shown in Fig. 3(d) . The single-slope ADC has a higher sampling rate for small input currents than that of the current-to-frequency ADC. At the beginning of the second phase, the voltage across the capacitor is the residue voltage of the first phase. It is compared with a ramp reference voltage (generated using an on-chip in-channel DAC),
. Once the reference voltage reaches the capacitor voltage, the counter stops counting. The voltage across the capacitor at that instance is calculated as (2) where is the clock period, is the output of the counter at the end of the second phase, and is the duration of the second phase. Solving (1) and (2) together results in (3) where the residual current is given by (4) can be expressed in terms of the number of bits generated in the second phase, , as (5) resulting in the following expression for the input residual current:
The single-slope ADC architecture achieves high accuracy but does not support a wide range of input currents because for high currents the capacitor voltage goes beyond the reference voltage. The two architectures, the current-to-frequency ADC and the single-slope ADC, are combined to break the dynamic range and sampling rate trade-off. The current-to-frequency conversion performed in phase one covers a wide dynamic range of input currents. If the input current is low, it may not generate an output pulse in phase one given a limited conversion time. Such a low current results in the MSBs equal to zero. In the second phase the capacitor voltage corresponding to the low-level current is accurately resolved by the single-slope ADC. As a result, both a wide dynamic range and a high sampling rate are achieved. The outputs of the two phases are related to the input current as (7) III. CIRCUIT IMPLEMENTATION This section describes the circuit implementation of the VLSI architecture of the potentiostat described in Section II. Fig. 4(a) depicts the schematic diagram of one channel of the integrated potentiostat. Each channel is comprised of a current conveyor and a dual-mode ADC. Next, each of these circuits is described in detail.
A. Current Conveyor
The current conveyor is comprised of a PMOS transistor connected in the feedback of an OTA, as shown in Fig. 4(a) . The negative feedback ensures a known potential at the working electrode as set by the voltage at the non-inverting input of the OTA. The cascode transistor boosts the output impedance. The current conveyor OTA shown in Fig. 4 (b) employs a folded-cascode topology for a wide-swing output. The main consideration in the design of the current conveyor is its noise. This noise limits the sensitivity of the potentiostat. It originates from the OTA and the PMOS transistor in the current conveyor as shown in Fig. 5 .
The input-referred noise of the OTA is due to the thermal and flicker noise. The impedance between the reference and the working electrodes is modeled as a leakage resistance, , in parallel with the double layer capacitor, , both in series with the electrode resistance, [22] . According to the simplified model given in Fig. 5 , the output noise power of the first stage is (8) where is the OTA input-referred noise, is the noise due to the feedback transistor, is the transconductance of the PMOS feedback transistor, is the open-loop gain of the OTA, and is the equivalent impedance of the electrode. For practical values of , and , the contribution of in (8) is negligible, resulting in the total output current noise
Since the leakage resistance, , is typically very large, and the electrode resistance, , is small, the electrode equivalent impedance is approximately capacitive (10) Substituting (10) into (9) results in (11) According to (11) , the output noise root mean square (RMS) value is directly proportional to the input-referred noise of the OTA and the electrode capacitance. The effective area of the electrode determines its capacitance. On the other hand a larger area of the electrode causes more biomolecules to undergo a redox reaction and accordingly results in a larger input signal. As a result, the electrode capacitance does not affect the signal-to-noise ratio (SNR).
The input-referred noise of the OTA consists of two components, the thermal noise and the noise. The thermal noise component can be expressed [23] as (12) By biasing such that , the noise contribution of is minimized. The key to minimize the ratios is to bias the input differential pair transistors in the weak inversion region, where the transconductance efficiency, , is maximized, and to bias in the strong inversion region to minimize their . The input-referred noise power can be expressed [23] as (13) Fig. 6 . Simulated input-referred current noise of the current conveyor.
TABLE I CURRENT CONVEYOR NOISE SUMMARY
Given the minimized transconductance ratios, the noise contribution of is negligible compared to that of . In order to minimize the noise, large PMOS transistors are employed for the input differential pair of the OTA.
The simulated input-referred noise of the current conveyor plotted in Fig. 6 is consistent with the theoretical analysis. The integrated input-referred noise over 1 kHz bandwidth is 3.1 pA. The main contributors to the input-referred noise are the flicker noise of the OTA input pair and of the tail current transistors . The contribution of each transistor to the total input-referred noise is shown Table I . The cascode transistors in the OTA and the feedback transistors and in Fig. 4 (a) contribute less than one percent to the total input-referred noise.
Other sources of error in low-level current recording systems are the junction and subthreshold leakage currents. The junction leakage current is proportional to the source/drain junction area. Minimum-area diffusion regions in the layout of all transistors in the signal path are utilized, such as a non-contacted diffusion between transistors and in Fig. 4(a) . The subthreshold leakage current increases with the device width. Minimum-size transistors are employed in the current path in Fig. 4(a) . The subthreshold leakage current also increases with the drain-to-source voltage for values below 100 mV. For transistors , and this current gets added to the signal. In some cases, the values of voltages and can be chosen such that the drain-to-source voltage on these transistors is significantly higher than the thermal voltage (e.g., 100 mV or higher). In these cases the leakage current contributes only a DC offset (time and signal independent) to the signal and can be subtracted out by offset calibration. Tables II and III summarize the OTA electrical characteristics and its transistor sizing respectively. 
B. Dual-Mode ADC
As described in Section II, the proposed ADC operates in two phases. In the first, coarse conversion phase, the current-to-frequency ADC generates the MSBs. In the second, fine conversion phase, the LSBs are extracted by the single-slope ADC. Both ADCs reuse most of the same circuit components.
The current steering switches in Fig. 4(a) select the path through which the redox current flows. During the coarse conversion phase the current continuously charges the integrating capacitor. The comparator generates a reset pulse when the voltage across the capacitor reaches as needed to discharge the integrating capacitor. The comparator output pulse is not wide enough to fully discharge the capacitor. Fig. 7 shows the circuit that widens the pulse [24] . The duration of the pulse is controlled by the gate voltage of the current-starved inverter current source. The number of the ADC output pulses is directly proportional to the input current. A counter counts the number of pulses generated during this phase and produces the MSBs. Upon completion of the first phase, the voltage across the integrating capacitor is held and the single-slope ADC extracts the LSBs. The voltage across the capacitor remains between ground and . The reference voltage applied to the comparator starts ramping down and the input of the counter is switched to a clock signal. The counter counts the number of clock cycles that the ramp reference voltage requires to reach the capacitor voltage. The input-dependent charge injection due to the switches may limit the accuracy of the ADC. To minimize this effect, switch turns off slightly before turns off, leaving no path through for the channel charge of to flow and introduce an error. The input-dependent charge injection is not fully removed because of the parasitic capacitors, but becomes negligibly small. A multi-stage comparator shown in Fig. 8 is employed in the ADC. The first stage is a high-speed amplifier with diode-connected load transistors. The second stage has a high gain in order to increase the overall gain of the comparator. Level converters are employed to make the output signal compatible to CMOS logic levels. Transistor sizes are given in Table II. To save silicon area, both the counter and the shift register are implemented as a 15-bit linear feedback shift register (LFSR). The same circuit is reused as a counter and shift register. During the analog-to-digital conversion period it operates as a counter. During the readout it shifts out one-bit digital outputs [18] .
IV. EXPERIMENTAL RESULTS
An array of integrated potentiostats was fabricated in a 0.35 double-poly four-metal standard CMOS process. The die micrograph is shown in Fig. 9 . The microchip consists of two 8 12 sub-arrays, one for single-ended (upper) and one for differential amperometry (lower) [25] . The two sub-arrays have been fully experimentally characterized and can run simultaneously within a single 192-channel system. The focus of this paper is on the 96-channel single-ended implementation only. Each channel of the potentiostat records a redox current generated at an on-chip working electrode and converts it into the digital domain. Four different external voltages drive the four adjacent on-chip reference electrodes in every 2 2 adjacent channels in a mosaicing fashion. This allows for simultaneous detection of four different biochemical groups each reduced/oxidized at a different voltage, as the voltage difference between the working and reference electrodes can be set independently for each of the four sets of 24 channels.
Dynamic performance of an entire channel was characterized by applying 20 nA and 350 nA peak-to-peak sinusoidal input currents generated with a Stanford Research System (DS360) function generator connected to the potentiostat input through a 2 and 20 resistor, respectively. Fig. 10 (20 nA) and Fig. 11 (350 nA) show the power spectral density of the quantized output. The minimum dynamic current level (LSB) of the potentiostat for sampling frequencies of 0.1 ksps and 1 ksps are 24 pA and 135 pA respectively. The LSBs are calculated based on the SNR for a given sampling frequency. The corresponding linear input dynamic range is 95 dB cumulatively for the two sampling frequency settings (24 pA to 350 nA) .
The output SFDR is limited by the non-linearity of the current conveyor, not the ADC. Fig. 12 depicts the linearity of the current conveyor versus the input current. Due to the finite gain of the transconductance amplifier and the non-linearity of the feedback transistor (subthreshold biasing) the overall linearity of the current conveyor is limited to a maximum of 58 dB as shown in Fig. 12 . At low current levels the feedback transistor is operating in the subthreshold region resulting in a suboptimal linearity of the current conveyor limiting the effective number of bits (ENOB) of the whole channel to 8.3. The static performance of the channel is characterized by sweeping the input current between 1 pA and 350 nA as shown in Fig. 13 .
The peak channel SNR versus the input current for the sampling frequency of 1 ksps is shown in Fig. 14 . At low currents, only the single-slope ADC is operating, achieving a maximum SNR of 56 dB at 10 nA. At higher currents, both modes of the ADC are engaged thus improving the channel peak SNR by 14 dB to 70.2 dB at 300 nA. Fig. 15 shows the normalized gain distribution of all channels in the array where a 1 nA current is applied to each channel. Due to the mismatch between the integrating capacitors and other active components it follows a gaussian distribution with a 3-sigma standard deviation of 1.9 percent. At very low currents the leakage current affects recording channels by introducing an offset but has a negligible effect on the channel gain. Table IV summarizes the experimentally measured characteristics of the integrated potentiostat. Neurotransmitters are a class of biomolecules that carry signals across the synaptic gap between neurons in the nervous systems. One of these biomolecules which has been extensively studied is dopamine. Dopamine is a neurotransmitter in the human brain that plays a key role in diseases such as Alzheimer's and Parkinson's. In this section the utility of the integrated potentiostat was validated by measuring dopamine concentration. Dopamine constant-potential amperometric detection was first performed on a single channel with an off-chip working electrode and a gold quasi/pseudo reference electrode. The working electrode potential was held at 1.8 V, 300 mV above that of the reference electrode to induce a dopamine redox reaction. Controlled amounts of dopamine (2 mM dopamine solution in perchloric acid, ) were added to the 0.1 mM phosphate buffered saline solution. This resulted in steps in the current measured by the potentiostat, as shown in Fig. 16(a) . Clinically relevant chemical concentrations are used in this experiment. Phosphate buffered saline is employed as the bulk solution for dopamine concentration measurements. As seen, there is a large, 112 nA, offset current due to the redox potential applied between the working and reference electrodes. The transient part of the response is mainly due to the manual stirring of the solution. The calibration curve for the sensor-potentiostat system is shown in Fig. 16(b) . This curve demonstrates the linear relationship between the concentration of dopamine and the output redox current.
A cyclic voltammetry experiment was also performed to demonstrate recording of redox currents at high sampling rates. Fig. 16(c) shows the cyclic voltammograms recorded by one channel on a 0.01 M phosphate buffered saline solution at three different scan rates. As expected, the current generated by the buffer (the background current) increases as the scan rate increases. The corresponding calibration curve for the potentiostat is shown in Fig. 16(d) . This curve demonstrates the linear relationship between the scan rate and the background current.
A 100 mV/s cyclic voltammetry with a 30 second resting period between each cycle was performed on RuHx solution, a standard solution used to calibrate microelectrodes utilized in redox electrochemical sensing. The resulting background-subtracted cyclic voltammetry curve (forward scan) for two concentrations of RuHx solution is shown in Fig. 16(e) . There is a distinguishable peak at 250 mV, the oxidization voltage of RuHx. In order to avoid a large background current, low sweep rates were utilized.
An impedance spectroscopy experiment was also performed by applying a small-amplitude sinusoidal potential to an offchip reference electrode placed first in distilled water and then phosphate buffered saline solution. The correct frequency-domain representation of the impedance between electrodes was generated by sweeping the frequency of the sinusoidal potential as shown in Fig. 16(f) .
The top metal in the integrated CMOS potentiostat, when coated with a noble metal such as gold, can serve directly as the on-die electrode. The integration of the electrodes with the potentiostat minimizes the interference noise, eliminates the excessive wiring and yields a compact low-cost sensory microsystem. Aluminum, a standard CMOS interconnect metal, has poor bio-compatibility. Also, because of the native oxide layer, it is not directly suitable for the amperometric sensing. A post-fabrication process is required to coat the electrode surface with an inert biocompatible metal such as gold.
Both 2D and 3D biocompatible microelectrodes have been fabricated on the surface of the potentiostat die for on-chip spatial biochemical sensing. An array of 192 2D gold microelec- trodes (on both single-ended and differential arrays) were electrolessly plated with a 2 -thick Ni base and 0.75 -thick gold as shown in Fig. 17(a) and (b) . The 3D microelectrodes are 100 -long gold bumps [26] bonded to the die as depicted in Fig. 17(c) and (d) . They can also be used for neurochemical activity monitoring in acute brain slices in in-vitro animal studies, as the pointed shape allows for penetrating a thin ( ) layer of dead tissue caused by tissue slicing. After the electrode fabrication, the die is wire-bonded and the bonding wires are insulated with a biocompatible epoxy as depicted in Fig. 17(e) .
In order to demonstrate the on-chip spatial recording functionality of the potentiostat, a drop of the 0.01 M phosphate buffered saline solution was placed on the electrode array while the reference electrode was driven by a sinusoidal (low-pass filtered saw-tooth) waveform. Fig. 17 (f) depicts a micrograph of the drop. The result of the on-chip spatial impedance specroscopy recording at a single frequency (thresholded) is shown in Fig. 17(g) . Dopamine constant-potential amperometry was performed on the array of on-chip 3D gold electrodes. A drop of dopamine in the phosphate buffered saline solution was placed in the corner of electrode array. Fig. 17 (h) depicts two images recorded by impedance spectroscopy (thresholded at 2 nA) capturing the front of the flow of dopamine on the surface of the die.
For rapid nerouchemical sensing on a low-cost miniature platform, the potentiostat die was integrated with a simple two-layer PDMS microfluidic chamber as depicted in Fig. 18(a) . An example of the bottom layer fluidic chamber is shown in Fig. 18(b) . Fig. 18 (c) depicts a micrograph of the fluidic chamber in Fig. 18(b) compression-sealed against the surface of the potentiostat die. Fig. 18(d) shows the impedance spectroscopy results (thresholded) measured by the potentiostat when dopamine was flowing through the chamber over one sub-array on the die. In future we envision culturing dissociated cells and brain slices within a microfluidic chamber. Table V provides a comparative analysis of the presented design and existing amperometric biochemical sensory microsystems. The presented design offers an unmatched combination of conversion rate, channel power and integration area. The compactness of the design yields a high channel count of 192 on a small 3.15 1.9 area in a 0.35 CMOS technology. The prototype has been demonstrated in all three biochemical sensory methods: constant-potential amperometry, cyclic voltammetry and impedance spectroscopy.
VI. CONCLUSIONS
A 96-channel integrated potentiostat microarray with on-die microelectrodes for neurochemical imaging has been presented. A 95 dB linear dynamic range and 1 ksps maximum sampling rate are achieved by combining the current-to-frequency and the single-slope ADC architectures with a low circuit overhead. Electrical experimental measurements verify the specifications of the potentiostat. Neurochemical detection experiments validate the utility of the potentiostat in neurophysiological sensory applications. On-chip 3D gold electrodes are a promising sensor modality for future tissue-penetrating and implantable brain neurochemistry analysis applications.
